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Edited by Peter BrzezinskiAbstract Mia40-dependent disulphide bond exchange is used by
animals, yeast, and probably plants for import of small, cysteine-
rich proteins into the mitochondrial intermembrane space (IMS).
During import, electrons are transferred from the imported sub-
strate to Mia40 then, via the sulphydryl oxidase Erv1, into the
respiratory chain. Curiously, however, there are protozoa which
contain substrates for Mia40-dependent import, but lack Mia40.
There are also organisms where Erv1 is present in the absence of
respiratory chain components. In accommodating these and
other relevant observations pertaining to mitochondrial cell biol-
ogy, we hypothesise that the ancestral IMS import pathway for
disulphide-bonded proteins required only Erv1 (but not Mia40)
and identify parasites in which O2 is the likely physiological oxi-
dant for Erv1.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: Mitochondria; Disulphide exchange; Mia40;
Microsporidia; Evolution; Fe–S cluster; Erv1; Cytochrome c;
Trypanosoma1. Biochemical processes in themitochondrial intermembrane space
Proteins within the mitochondrial intermembrane space
(IMS) serve a number of critical cellular functions, including
facilitating eﬃcient export to the cytoplasm of ATP (produced
by oxidative phosphorylation) and in the provision of cyto-
plasmic Fe–S clusters; the IMS is also the location of cyto-
chrome c, which transfers electrons from the cytochrome bc1
complex to cytochrome aa3 oxidase. Moreover, the IMS is
home to a variety of widely conserved, small, cysteine-rich pro-
teins, containing either twin CX3C or CX9C motifs (where X is
not cysteine) [1,2]. Proteins of this type include the cytochrome
c oxidase (COX) accessory factors Cox17 and Cox19 and theAbbreviations: CIA, cytoplasmic Fe–S cluster protein assembly; COX,
cytochrome c oxidase; IMS, intermembrane space; MIA, mitochon-
drial intermembrane space assembly; ROS, reactive oxygen species;
TIM, translocase of the inner membrane
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doi:10.1016/j.febslet.2008.07.015small translocase of the inner membrane (TIM) chaperone
family, which steer newly imported proteins through the
IMS to either the TIM22 or sorting and assembly machinery
complexes in the inner- and outer-mitochondrial membranes,
respectively [3].
In mammals and yeast (Saccharomyces cerevisiae), import of
IMS proteins containing either the twin CX3C or CX9C motifs
is dependent upon disulphide bond exchange, and is facilitated
by a pathway – the mitochondrial intermembrane space assem-
bly (MIA) pathway – requiring two key components, Mia40
and the sulphydryl oxidase Erv1 [4–7]. Here, we use compara-
tive genomics to reveal that the MIA pathway, at least in the
form described for animals and yeast, is not conserved in try-
panosomatids, an evolutionarily divergent family of protozoan
parasites including the causal agent of African sleeping sick-
ness Trypanosoma brucei. Taking into account various obser-
vations relating to eukaryotic phylogeny, we hypothesise that
the absence of Mia40 from trypanosomatids suggests a model
in which import and oxidative folding of cysteine-rich proteins
in the mitochondrial (or proto-mitochondrial) IMS of the ﬁrst
eukaryotes occurred in the absence of a Mia40-type protein,
but was dependent upon the activity of an Erv1 orthologue.2. A disulphide relay for protein import into the IMS
The current understanding of how intra- and inter-molecular
disulphide bond exchanges facilitate import into the mitochon-
drial IMS of various proteins with either twin CX3C or CX9C
motifs is summarised in Fig. 1. The arrangement of cysteine
residues in Mia40 homologues is shown in Fig. 2A. Interest-
ingly, in reconstituting in vitro a disulphide relay between yeast
Erv1 and N-terminal truncated Mia40 containing the cysteine-
rich C-terminal region, Hell and co-workers discovered that a
cysteine residue from the twin CX9C motifs of reduced Mia40,
rather than the redox active CPC pair, is recognised and forms
an intermolecular disulphide bond with the CPC motif of oxi-
dised Mia40 [8]. Yeast Mia40 has a mitochondrial targeting
pre-sequence, but their observations suggest that in eukaryotes
where Mia40 lacks any such mitochondrial targeting pre-se-
quence, Mia40 is itself likely to be a substrate for the Mia40-
dependent import pathway [8]. Moreover, import of the otherblished by Elsevier B.V. All rights reserved.
HS SH
SHHS
S S
SS
se
ve
ra
l
ox
id
an
ts
HS SHHS SH
S S S S
Erv1 Mia40
HS
HS
SH
SH
-S-S-
-S-S-
import 
substrate
S HS SH
S S
DsbB DsbA
HS
SH
-S-S-
substrate
S
cytoplasmic membrane
Q
QH2
HS SHHS SH
S S
A
B
periplasm
HS
HS
SH
SH
mitochondrial
outer
membranemitochondrial intermembrane space                          cytoplasm
Fig. 1. Oxidative folding of proteins in the mitochondrial IMS and bacterial periplasm. (A) The MIA pathway used for import of cysteine-rich
proteins into the IMS. The scheme shown is based on studies using the model import substrates Tim9 and Tim10 from S. cerevisiae. Translocation of
reduced substrate through the outer mitochondrial membrane is followed by site-speciﬁc recognition of the most N-terminal cysteine residue in the
newly imported protein by the redox-active CPC pair of oxidised Mia40 (step 1). Intramolecular disulphide bond formation and intermolecular
disulphide bond exchange result in release of folded import substrate and reduced Mia40 (step 2). Oxidation of Mia40 is catalysed by the dimeric
Erv1 (step 3). The identity of the oxidant for Erv1 (step 4) varies according to physiological conditions (as shown in Fig. 3 and discussed in Section 4
of the text). (B) The pathway for DsbB- and DsbA-dependent disulphide bond formation in the periplasm of Gram-negative bacteria. DsbA is a
soluble protein which oxidises the substrate (e.g. apocytochrome c) to form one or more intramolecular disulphide bond(s). DsbA is in turn
reoxidised by the integral membrane protein DsbB. DsbB is reoxidised by reducing quinone to quinol, and the electrons thus enter the respiratory
chain.
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dependent [9,10].
The deployment of disulphide bond formation for import
and assembly of various cysteine-rich proteins within the mito-
chondrial IMS is in many ways functionally analogous to mat-
uration of disulphide-bonded proteins within the Gram-
negative bacterial periplasm (Fig. 1B; [2,11]). Conservation of
Mia40 homologues in yeast, other fungi, animals, the amoeba
Dictyostelium discoideum, land plants, and green and red algae
points to the widespread use of the MIA pathway (Fig. 2B).
There are on the other hand some unicellular eukaryotes which
lack the small TIM protein and COX accessory factor import
substrates, and also lack a Mia40 homologue (Fig. 2B). These
examples are parasites, generally microaerophilic parasites,
where absence of Mia40 and moderation of mitochondrial tar-
geting pathways correlate with adaptation to low partial pres-
sures of O2 (see Section 5).
Curiously, however, there are some protozoa (the trypano-
somatids and species belonging to the Chromalveolata) which
do contain known substrates of the MIA pathway, but appar-
ently lack a Mia40 homologue. Absence of Mia40 homologues
from the Chromalveolata (the eukaryotic supergroup that in-
cludes malarial parasites and other apicomplexans, ciliates
and the stramenopiles (heterokonts) (Fig. 2B)) may truly re-
ﬂect a moderation to the apparently otherwise widely con-
served MIA pathway. However, it is also possible that a
Mia40 homologue has only been missed due to limitations incurrent gene prediction algorithms for these organisms. In con-
trast, the absence of Mia40 from complete and draft genome
sequences available for seven diﬀerent trypanosomatid species
is striking because a virtually complete absence of introns is
coupled to excellent gene prediction algorithms, even for small
proteins. Thus, we can be very conﬁdent with an assertion that
trypanosomes lack Mia40. This indicates IMS import of small
TIM proteins and COX accessory factors must be diﬀerent in
trypanosomes compared to other eukaryotes. ‘‘Classic’’ MIA
pathway substrates that are present in trypanosomatids are
three small TIM proteins [12] and Cox17 and Cox19 [13].3. The hypothesis – ancestrally, import of MIA substrates
occurred in the absence of a Mia40 orthologue
One explanation for how mitochondrial import in trypano-
somatids of small TIM proteins and COX accessory factors
proceeds in the absence of Mia40 is that oxidative folding
within the IMS utilises an alternative, but as yet unrecognisa-
ble, Mia40 orthologue. However, with regard to a wider per-
spective, there is also the issue of how the MIA pathway
evolved; here, recent observations pertaining to trypanoso-
matid phylogeny are relevant.
Controversy and uncertainty go hand-in-hand with many
studies of eukaryotic phylogeny, particularly when the identi-
ties of the extant taxa belonging to the earliest-branching lin-
BA
34 DPYEEHGLILPN-GNINWNCP-CLGGMASGP-CGEQFKSAFSCFHYSTEEIKGSD-CVDQFRAMQECMQKYPDLYPQ 117 
300 EEVQHEGAYNPDTGEINWDCP-CLGGMAHGP-CGEEFKSAFSCFVYSEAEPKGID-CVEKFQHMQDCFRKYPEHYAE 374 
 21 ------SEVKPIDQFGDADCPPCIRRMANSQYCGDELVKSYLCFQESNKNGTSVESCAGSFNKLKDCMVKYPIKFYD 92 
 21 ----RDNRSKEQMIEDALNCP-CVESLKEGS-CGGAFIAAYRCFLESEAEPRGSD-CYEVFQRMQDCMLAHPDEYHF 91 
 48 GEDDNENESLEAKAQRALDCP-CIADLRNGS-CGSQFSEAFLCFLKSTAEEKGSD-CVNPFVALQSCINANPDAFSK 122 
          .           :** *:  : .  **  :  :: **  *  :  . : *   *  ::.*:   *  : 
H. sapiens (142 aa)
S. cerevisiae (427 aa)
D. discoideum (97 aa)
C. merolae [red alga] (168 aa)
A. thaliana (162 aa)
MIA substrates Mia40 Erv1 Atm1 Cyt c CIA machinery
+                +        +         +         +             +
+                +        +         +         +             +
+                +        +         +         +             +
- - +         +         - +
+                +        +         +         +             +
- - - ?         - +
+                +        +         +         +             +
+                +        +         +         +             +
+                +        +         +         +             +
+                - +         +         +             +
?                - +         ?         - +
+                - +         +         +             +
+                - +         +         +             +
+                - +         +         +             +
- - - ?         
- - - ?         
supergroup Excavata
protein import Fe-S export
*
*
Animals
Choano-
flagellates
Fungi
Micro-
sporidia
Amoebozoa
Land plants
Green algae
Red algae
Apicomplexa
Ciliates
Heterokonts
Trypanosomatids
Heteroloboseans
Jakobids
Diplomonads & 
Parabasalids
Ec
Dd
Eh
Pf
Cp
Gl
Tv
Ra
- +
- +
unikont
bikont
Fig. 2. Phylogenetic distribution of MIA pathway import substrates, Mia40, Erv1, cytochrome c and proteins (Atm1 and the CIA machinery)
required for maturation of cytoplasmic Fe–S proteins. (A) The sequence alignment reveals the conserved organisation of cysteine residues (arrows) in
Mia40 orthologues from evolutionarily diverse taxa; cysteines from the CPC redox-pair participate in site-speciﬁc recognition of MIA pathway
substrates in yeast. Use of hidden Markov models and the motif search tool available at trypanosome and Leishmania GeneDB repositories failed to
detect the presence of a Mia40 homologue in any trypansomatid species. (B) The occurrence of Mia40, MIA pathway substrates, Erv1, cytochrome c,
Atm1, and the CIA machinery in diﬀerent eukaryotes: + denotes the presence of homologues;  denotes the absence of homologues; ? denotes
uncertainty as to whether a homologue is present; * indicates two likely positions for the evolutionary root of eukaryotes. Note: an Erv1 homologue
is present, but not annotated, within the complete genome sequences of three Cryptosporidium species; a single small TIM protein homologue has
also been identiﬁed in Cryptosporidium, but the function of this protein is not known [12]. To ascertain the presence of the CIA machinery we looked
only for homologues of the iron hydrogenase-like protein Nar1 and the P-loop NTPases Cfd1 and Nbp35; the fourth known component of the CIA
machinery, the WD-protein Cia1, is potentially multifunctional [47]. Lineages belonging to the supergroup Excavata are highlighted by a grey
background. Solid triangles denote taxonomic groups where the available genome sequences are for species with aerobic mitochondria; hatched
shading denotes groups (i.e. the Amoebozoa and Apicomplexa) where there are genome sequences for species with either aerobic mitochondria (Dd,
Dictyostelium discoideum; Pf, Plasmodium falciparum [a malarial parasite]) or degenerate mitochondria called mitosomes (Eh, Entamoeba histolytica;
Cp, Cryptosporidium parvum). Unshaded triangles denote taxonomic groups where only species with mitosomes (Ec, Encephalitozoon cuniculi; Gl,
Giardia lamblia) or hydrogenosomes (Tv, Trichomonas vaginalis) are found. The red triangle denotes the trypanosomatids. In all instances the data
shown are derived from the analysis of complete draft genome sequences. However, with regard to the aerobes, due to limitations in either gene
prediction algorithms or genome coverage, only for the trypanosomatids can we be completely conﬁdent that Mia40 is really absent. Insuﬃcient data
are currently available to analyse heteroloboseans and jakobids (Ra, Reclinomonas americana). Likely relationships between diﬀerent eukaryotic taxa
are based on recent phylogenies (e.g. as discussed in [14]); the unikont–bikont divide is shown by the horizontal dashed blue line (unikont taxa above
the line, bikonts below). The Excavata are grouped, but the polytomies reﬂect uncertainties in the branching order of this ﬂagellate group. Diﬀerences
in branch length do not reﬂect diﬀerences in evolutionary distance, and diﬀerences in triangle size are not intended to provide any inference with
respect to species diversity within a taxonomic group.
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as discussed in [14,15]). However, where there is currently a
broad consensus is in the division of eukaryotes into unikonts
and bikonts (Fig. 2B). Animals and fungi (the two groups in
which the MIA pathway has been studied extensively) are both
unikonts. Land plants, by contrast, are bikonts and are there-
fore evolutionarily far from animals and fungi. Some schoolsof thought place the root of eukaryotic evolution with the uni-
kont–bikont divide (discussed in [14,15]). However, results
from other analyses indicate it is not possible to discount the
possibility that the supergroup Excavata, or a group from
within this diverse assortment of ﬂagellate protozoa, represent
the earliest branching of extant eukaryotes. Trypanosomatids
are currently included within the Excavata [16].
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ent excavate taxa (e.g. between Euglenozoa (the phylum con-
taining the trypanosomatids) and Heterolobosea, and
between diplomonads, parabasalids, and oxymonads (which
belong to the phylum Metamonada [14,17,18])), and modest
support for the excavate group as a whole [19], although the
monophyly of the Excavata remains an open issue. Interest-
ingly, numerous cell biology characteristics, including the
mitochondrial genome sequence of Reclinomonas americana
(a jakobid), which more closely resembles a eubacterial gen-
ome in terms of gene content and genome structure than any
other mitochondrial DNA [20], and the ‘‘genomic minimal-
ism’’ that is evident within the human parasite Giardia lamblia
[21] are suggestive of evolutionarily ancient traits. Published
genome comparisons between trypanosomes and other eukary-
otes indicate that import pathways used to target proteins into
the trypanosomatid mitochondrial matrix, or either mitochon-
drial membrane, are much more streamlined (in terms of com-
ponent complexity) than the classically studied import
pathways of yeast and animals [22,23]. In particular, only a
single member of the Tim17–Tim22–Tim23 family is present
in trypanosomes, suggesting a single translocase directs pro-
teins into both the mitochondrial matrix and the inner-mito-
chondrial membrane [23]. In other eukaryotes, homologous
translocases (presumably arising from ancient gene duplica-
tions) target proteins into either the matrix or inner membrane,
respectively [3,23].
Other excavate protozoa for which complete genome se-
quences are available (G. lamblia and Trichomonas vaginalis)
possess degenerate (or relic) mitochondria (mitosomes and
hydrogenosomes1) where notionally ‘‘simpler’’ or divergent
targeting mechanisms have been described [24,25]. In these in-
stances it is not clear whether divergent, streamlined import
pathways reﬂect ancestral component simplicity or a derived
state which occurs as a consequence of mitochondrial degener-
acy. In contrast, most trypanosomatids possess a more typical,
aerobic mitochondrion and a capacity for oxidative phosphor-
ylation, and thus do not exhibit the signiﬁcant catabolic
streamlining observed in the relic mitochondria of other para-
sites (e.g. G. lamblia, T. vaginalis). The plausibility of deep evo-
lutionary origins for trypanosomatids (and other excavates)
suggest the streamlined trypanosome mitochondrial targeting
pathway reconstructed previously could in fact approximate
reasonably to an ancestral targeting pathway which would
have been used by the ﬁrst eukaryotes [22,23]. Here, we
hypothesise that trypanosomatids import small TIM proteins
and COX accessory factors into the mitochondrial IMS by
an oxidative folding pathway that is (a) more ancestral than
the MIA pathway and (b) reﬂects the type of import pathway
that would have been used by early eukaryotes for the import
of small, newly evolved cysteine-rich proteins. Crucially, we
suggest the pathway was dependent upon Erv1 and that the
subsequent evolution of Mia40 reﬂects a reﬁnement of the im-
port pathway which occurred at a later point in eukaryotic his-
tory. Stepwise evolution of the MIA pathway would have
occurred as follows:1Hydrogenosomes: degenerate mitochondria that produce hydrogen
and ATP, but lack the capacity for oxidative phosphorylation;
mitosomes: mitochondria lacking any capacity for organellar ATP
production.1. If we consider again the MIA pathway, then import of a re-
duced MIA-substrate requires the CPC pair of Mia40 to
initially be oxidised as a disulﬁde bond [1,2,11]; the sul-
phydryl oxidase activity of Erv1 ensures this is the case in
animals and yeast. The ﬁrst step in the oxidative folding
of a MIA pathway substrate, following translocation across
the outer-mitochondrial membrane, is therefore intermolec-
ular disulphide bond formation with Mia40. We suggest
that the ancestral IMS import pathway would have re-
quired only an interaction between reduced import sub-
strate and oxidised Erv1, and would therefore have been
independent of any Mia40 homologue. The relative compo-
nent simplicity of other trypanosomatid mitochondrial tar-
geting pathways, the presence of an Erv1 homologue in
trypanosomatids but no Mia40 homologue, and a putative
deep-branching evolutionary position for the trypanoso-
matids are consistent with this hypothesis and suggest an
extant eukaryote where such a prototypical IMS import
pathway operates. Interestingly, the evolutionary origin of
the Erv1 family is obscure. Despite a recent suggestion to
the contrary [26], no prokaryotic Erv1 homologue has been
identiﬁed2; presently, Erv1 homologues are only conserved
in eukaryotes and the poxvirus family. The evolutionary
relationship between eukaryotes and poxviruses is an inter-
esting one [27], and the virus-encoded disulphide-bond ex-
change pathway is considered an important facet for the
cytoplasmic virion replication-assembly pathway, which is
characteristic of the poxviruses, [28]. Erv1 therefore con-
ceivably represents a eukaryotic-speciﬁc protein which
likely evolved during the transition of an a-proteobacterial
endosymbiont into the proto-mitochondrion, thus replacing
the characteristically bacterial DsbA and DsbB proteins
that catalyse periplasmic disulphide bond formation
(Fig. 1B), and which were likely to have been present ances-
trally in the endosymbiotic progenitor of the mitochon-
drion (see also step 2 below).
2. The bacterial periplasm provides an environment that is in
many ways analogous to, and is the evolutionary precursor
of, the mitochondrial IMS. Thus, in the ﬁrst eukaryotes
disulphide bond shuﬄing within small TIM proteins or
COX accessory factors that might have folded incorrectly
(remembering that these proteins have multiple redox-sensi-
tive cysteine pairs that could potentially form inter- and in-
tra-molecular disulphide bonds) could have been catalysed
by a bacterial-type protein disulphide isomerase system.
The likely importance of bacterial components in the ﬁrst
organellar targeting pathways has been discussed previ-
ously [22], and in this instance disulphide bond isomerisa-
tion could have been either small molecule-dependent [29]
or related to the DsbC–DsbD disulphide exchange system.
Although the distribution of DsbC and DsbD was reported
to be restricted to certain b- and c-proteobacteria [29,30],
DsbC homologues are present in at least two a-proteobac-
teria,3 the group that provided the evolutionary precursor2A sequence (ZP_01257237) previously proposed to represent a
ﬂavobacterial Erv1 homologue is now labelled at Genbank as a
contaminant. Absence of an Erv1 homologue in >900 bacterial
genomes deposited at Genbank suggests any proposal for bacterial
Erv1-like proteins within metagenomic environmental sequence data
(e.g. [26]) should be treated with caution prior to further analysis.
3JWAA and SJF, unpublished observations.
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ited homology to DsbC and DsbD have been described in
other prokaryotic taxa [31].
3. Within a model for Mia40-independent mitochondrial IMS
protein import in trypanosomes, we cannot predict what
mechanism exists for disulphide bond shuﬄing in newly im-
ported small TIM proteins or COX accessory factors. How-
ever, accepting the reasonable possibility that
trypanosomatids are representative of a deeply diverging
eukaryotic lineage, we suggest that the mitochondrial IMS
import pathway for cysteine-rich proteins subsequently be-
came more reﬁned in a common ancestor of animals, fungi
and plants with the evolution of Mia40 providing a ‘‘recep-
tor’’ for recognition and facilitating templated disulphide-
bonding [32,33] of reduced substrates that had been newlyA
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and therefore be examples of the type of gene loss commonly
associated with metabolic streamlining in parasites.4. Routing electrons from Erv1: O2 as a physiologically relevant
oxidant
Oxidation of reduced Erv1 completes the disulphide ex-
change relay of the MIA pathway (Fig. 1). In anaerobically
grown S. cerevisiae, cytochrome c is the essential oxidant for
Erv1 (Fig. 3A) although the downstream oxidant of cyto-
chrome c is not yet clear [4,35]. In aerobically grown S. cerevi-
siae the physiological Erv1 oxidant is again cytochrome c, but
cytochrome c is not essential in these conditions, indicating
that O2 can also oxidise Erv1 [35]. Assays of recombinant S.
cerevisiae Erv1 and recombinant ALR (the mammalian ortho-
logue of Erv1) showed that cytochrome c is at least 100-fold
more eﬀective than O2 as a substrate for electron transfer
in vitro from the reduced recombinant sulphydryl oxidases
[35,36]. In multicellular eukaryotes it has been suggested that
coupling Erv1 oxidation to cytochrome c reduction is an
important adaptation in limiting the accumulation of H2O2
and thence other reactive oxygen species (ROS) [37]. In S. cere-
visiae, reduced cytochrome c can transfer electrons to COX or
to cytochrome c peroxidase (Ccp1), the latter providing an
avenue for H2O2 detoxiﬁcation [35] (Fig. 3A). However, an
important point is the likely diﬀerence between the rate of
MIA pathway-related, or Erv1-related, electron transport
and the rate of oxidative phosphorylation, where an unavoid-
able accumulation of ROS by-products necessitates adequate
anti-oxidant defences. In yeast, the transcript abundance of
Erv1 is low [38], suggesting that Erv1 is likely to be of low
abundance. A low overall rate of MIA-dependent protein im-
port conceivably permits use of a low-aﬃnity oxidant (i.e. O2)
for Erv1, and similarly the contribution from direct oxidation
of Erv1 by O2 to overall mitochondrial ROS is likely to be low.
Thus, we suggest two examples where O2 is likely to be the sole
physiological oxidant for Erv1.
Our ﬁrst example is the pathogenic long-slender bloodstream
form of T. brucei. During a complex transmission cycle through
the insect vector, tsetse-form trypanosomes possess a typical
cytochrome-containing mitochondrial respiratory chain [39];
thus cytochrome c could well be a physiological oxidant for
Erv1 during this stage of the trypanosome life cycle, as it is in
yeast and animals (Fig. 3B). Cytochrome c peroxidase, how-
ever, is absent from the trypanosome genome [40], suggesting
electrons from reduced cytochrome c are transferred to O2 by
COX. In contrast, long-slender bloodstream forms of T. brucei,
which replicate within the mammalian host, possess no capacity
for cytochrome-dependent respiration [39]. Yet Erv1 is presum-
ably still essential for mitochondrial import of small TIM pro-
teins (e.g. the T. brucei Tim8–Tim13 orthologue [12]), and/or
the function of a mitochondrial export pathway essential for
provision of cytoplasmic Fe–S clusters [41–45].4 In trypano-
somes, an Rli1 orthologue [46] and Nar1 homologue (a compo-4Genetic studies with S. cerevisiae indicate Erv1 is required for the
essential export from mitochondria of either pre-assembled Fe–S
clusters or a cytoplasmic Fe–S cluster precursor, but the identity of the
key substrate(s) for sulphydryl oxidase activity have not yet been
determined [41–45].nent of the cytoplasmic Fe–S protein assembly (CIA)
machinery [47]; Fig. 2B) provide examples of essential extra-
mitochondrial Fe–S proteins. Thus, in bloodstream form T.
brucei what is the physiologically relevant pathway of electron
transport from Erv1? One surprising possibility is via cyto-
chrome c. Hajduk and co-workers reported that a very small
amount of cytochrome c protein could be detected in long-slen-
der bloodstream forms, even though cytochrome-dependent
respiration is not a characteristic of bloodstream T. brucei
[48]. We have made a similar observation (on Western blots)
with regard to very low level cytochrome c expression in cul-
ture-adapted bloodstream forms, but Hajduk and colleagues
reasoned that such expression merely reﬂects apo-protein that
will be degraded by the proteasome rather than holo-protein
matured by post-translational attachment of heme. However,
it is possible that very low level expression of holocytochrome
c is suﬃcient to provide a catalytic oxidant for reduced Erv1
in bloodstream T. brucei, although that would leave an unre-
solved issue, as it does for anaerobically grown yeast, of the oxi-
dant for reduced cytochrome c since COX and cytochrome c
peroxidase are absent from bloodstream T. brucei. In principle,
if the electron ﬂux is very low, reduced cytochrome c could be
reoxidised by autoxidation (i.e. directly by O2) without the need
for a protein terminal electron acceptor.
Other possibilities for Erv1 oxidation in bloodstream T. bru-
cei are direct interaction between reduced Erv1 and the enzyme
alternative oxidase, facilitating electron transfer to O2, or an
alternative oxidase-dependent electron transfer that requires
an intermediate step of ubiquinone reduction (i.e. via an
Erv1:ubiquinone oxidoreductase).5 One could argue that the
presence of Erv1 and alternative oxidase homologues, but no
cytochrome c, in the parasite Cryptosporidium parvum, which
resides just beneath the plasma membrane of epithelial cells
of the small intestine, provides some support for these putative
electron transfer pathways (Fig. 2B). However, these possibil-
ities are diﬃcult to test experimentally: Cryptosporidium spe-
cies are not amenable for direct biochemical investigation,
while in T. brucei alternative oxidase is essential [49] and iden-
tiﬁcation of a suitable candidate quinone-dependent oxidore-
ductase is lacking. In contrast, we favour a hypothesis
whereby O2 directly provides the physiological oxidant for re-
duced Erv1 in bloodstream T. brucei. We suggest any ineﬃ-
ciency in the ability of O2 to directly participate in electron
transfer is negated by a likely low sulphydryl oxidase activity
of Erv1, which need only be suﬃcient to ensure IMS import
of key proteins and to facilitate the availability of Fe–S clusters
for incorporation into cytoplasmic target proteins. ROS gener-
ated as a by-product would be readily acted upon by the par-
asites antioxidant defences.
Our second suggestion for where O2 is the sole physiological
oxidant for Erv1, the microsporidian parasite Encephalitozoon
cuniculi, is more clear-cut. The relic mitochondria (mitosomes)
of E. cuniculi do not function in ATP generation. Rather, the
proximity of these intracellular parasites to host cell mitochon-
dria provides the parasite with a source of ATP [50,51]. Neither
small TIM proteins [12] nor a Mia40 homologue are present in5T. brucei contains a plant-like, ubiquinol-dependent alternative
oxidase enzyme, completely distinct from COX and not coupled to
oxidative phosphorylation, which acts as the terminal electron
acceptor from the glycolytic pathway using the electrons to reduce
O2 to water [39].
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streamlined mitosomal import pathways characterised previ-
ously for this parasite [52]. However, an Erv1 homologue is
present, and together with a likely E. cuniculi Atm1 homolog
[53,54]6 presumably functions in the provision of cytoplasmic
Fe–S clusters. Maturation of cytoplasmic and nuclear Fe–S
cluster-containing proteins requires the universally conserved
(Fig. 2B) CIA machinery [41]. Yet, the absence of c-type cyto-
chromes and alternative oxidase from E. cuniculi indicates that
O2, directly, is likely to represent the only plausible oxidant for
Erv1, and that detoxiﬁcation of any resulting ROS must be
mediated by the parasites antioxidant defences. Intriguingly,
two amino acid residues found downstream of the catalytic cys-
teine-pair and implicated in high aﬃnity electron transport to
O2 by microsomal sulphydryl oxidases are present in equivalent
positions in the E. cuniculi Erv1 homologue7; in contrast, in
mitochondrial Erv1 homologues studied to date (which are
associated with low aﬃnity electron transfer to O2) the identities
of the amino acids present at these positions are diﬀerent [34].5. Adaptation to an anaerobic lifestyle and loss of Erv1
Some fungi use a variety of electron acceptors for anaerobic
respiration, but an ability to use exogenous electron acceptors,
other than O2, for respiration is not widely recognised in pro-
tozoa [55]. Thus, protozoa can respire oxygen or, if anaerobic,
they generally ferment and degeneracy of their mitochondrial
metabolism is evident. A few examples of protists that can
use endogenous electron acceptors to respire anaerobically
are also known (e.g. Euglena gracilis can transfer electrons
from rhodoquinone to fumarate, which acts as a terminal elec-
tron acceptor). While an (unidentiﬁed) electron acceptor from
reduced cytochrome c must exist in anaerobic S. cerevisiae, an
inability amongst parasitic protozoa (or their ancestors) to use
alternative electron acceptors for respiration during adapta-
tion to anaerobic or microaerophilic lifestyles would seemingly
prevent oxidation of reduced Erv1. This would provide selec-
tive pressure that could explain the patterns shown in
Fig. 2B for gene loss in the parasites G. lamblia, Trichomonas
vaginalis, and Entamoeba histolytica. Clearly any correlations
between gene loss, niche adaptation and ambient oxygen ten-
sion are likely to be complex since Erv1 and alternative oxidase
homologues, but not cytochrome c, are present in Cryptospori-
dium spp., which, like G. lamblia, contain mitosomes and are
found in association with epithelial cells of the small intestine.
However, absence of Erv1 from E. histolytica, G. lamblia, and
T. vaginalis correlates not only with the absence of both the
MIA pathway and its import substrates, but also with the ab-
sence of any easily recognisable Atm1 orthologue (Fig. 2B).
This therefore presents the conundrum of how provision of
cytoplasmic Fe–S clusters is achieved in the latter organisms
[56].8 Plausibly, loss of Erv1 and/or absence of O2 drives either6Along with Erv1 and the metabolite glutathionine, Atm1 is the other
known component of the essential mitochondrial export pathway that
results in the availability of cytoplasmic Fe–S clusters [53,54].
7A histidine and a hydrophobic residue.
8An essential cytoplasmic Fe–S cluster-handling machinery [45,47] is
conserved in all eukaryotes (Fig. 2B), but processes essential for
production of cytoplasmic clusters appear to occur in the mitochon-
drial matrix of many diverse eukaryotes, irrespective of whether
‘‘classical’’ aerobic or degenerate mitochondria are present [42,53,56].the evolution of an Atm1 independent pathway of mitochon-
drial Fe–S cluster export – e.g. through co-opting another
ABC transporter to function in the mitochondrial inner-mem-
brane for provision of cytosolic Fe–S cluster precursors – or
changes to the intracellular site for Fe–S cluster synthesis in
these organisms [42].6. IMS-redox chemistry and trypanosome cytochromes c
Intriguingly, the subtleties of mitochondrial IMS redox
chemistry in trypanosomatids are not likely to be limited to
the absence of a Mia40 orthologue. Uniquely, trypanosomat-
ids and other members of their phylum (the Euglenozoa) con-
tain mitochondrial cytochromes c and c1 with heme attached
covalently to a single cysteine residue [57]; in all other eukary-
otes containing mitochondrial cytochromes c, heme is attached
to two cysteines in a CXXCH motif (where X is never C). It is
well established that in bacteria systems for posttranslational
attachment of heme to the CXXCH motifs of apocytochromes
c must interact intricately with disulphide bond oxidising and
reducing systems (reviewed [58]). For example, there is consid-
erable evidence that in the periplasm of Escherichia coli, apo-
cytochromes are oxidised to a disulﬁde-bonded state by
DsbA (Fig. 1B), and that the disulﬁde(s) must be reduced by
a pathway involving DsbD (Section 3) to allow covalent heme
attachment. Similarly, in yeast mitochondria, there is a disul-
ﬁde oxidising system (Mia40/Erv1) and a possible apocyto-
chrome c disulﬁde reductant (Cyc2) [59]. It may be that in a
euglenozoan ancestor, evolution of single-cysteine mitochon-
drial cytochromes c provided a diﬀerent solution to the prob-
lem of oxidation of the cysteines in apocytochromes c – i.e.
even in the presence of oxidant (e.g. Erv1), a cycle of oxidation
and reduction in apocytochrome c is avoided by having an
apocytochrome that cannot easily be oxidised (because it only
has one cysteine). Occurrence of single cysteine trypanoso-
matid mitochondrial cytochromes c is associated with the evo-
lution of a novel apparatus for the covalent heme attachment
in these organisms [13,57,60]. However, it is not clear whether
the origins of a unique type of heme attachment in trypanoso-
matid cytochromes c drove the evolution of a novel biogenesis
apparatus, or vice versa. We note also that there is no direct
evidence to date as to whether Mia40 plays a role in the mat-
uration of holocytochrome c in the IMS of yeast or animal
mitochondria. If it were to prove to play such a role then the
absence of Mia40 from trypanosome mitochondria and the
replacement of the cytochrome c CXXCH heme-binding motif
by AXXCH may be linked.7. Conclusions
Using data from various published genome sequences, we
show the recently described MIA pathway for protein import
into the mitochondrial IMS cannot be universally conserved.
Moreover, we provide a hypothesis which reconciles the avail-
able data and suggests a model for stepwise evolution of an
essential mitochondrial IMS import pathway. Intriguingly, this
model and the innovation of a (possibly) eukaryotic-speciﬁc
protein, Erv1, parallels another hypothesis where cytochrome
c6A was postulated to facilitate disulphide bond formation in
the thylakoid lumen of chloroplasts [61]. Finally, we suggest
2824 J.W.A. Allen et al. / FEBS Letters 582 (2008) 2817–2825likely non-availability of oxidants for Erv1 in some anaerobic
eukaryotes either facilitates or necessitates moderations to
pathways leading to cytoplasmic Fe–S cluster availability.
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